ABSTRACT Females of the shield bug Parastrachia japonensis Scott (Hemiptera: Parastrachiidae) provision their nymph-containing nests with drupes of the single host tree, Schoepfia jasminodora Sieb. et Zucc (Olacaceae: Rosidae: Santales). We carried out several Þeld experiments to examine the variation in the start of nest abandonment by using Þeld cages set in a copse in Japan. First, in individual cages where female parents could freely provision their nests with drupes provided in abundance in a distant foraging cage, we observed when nymphs began abandoning the nests. Considerable variation was found in the beginning of nest abandonment among nests, with a tendency for it to be delayed in nests where the average number of drupes provided per nymph (average provisioning rate) was high. Second, we excluded females from nests when nymphs were in the second stadium. We then artiÞcially supplied drupes at two levels of abundance to verify whether the delay in the start of nest abandonment was caused by an increase in the nymphal daily food availability. Nymphal nest abandonment started in direct response to the amount of artiÞcially provided food. Finally, a Þeld experiment to determine the ability of nymphs at various developmental stages to reach the foraging site from the nest site revealed that younger independent nymphs were rarely able to succeed. We discuss nymphal nest abandonment with regard to assessing the risk of starvation, attributable to a shortage of food provided by the female parent, and postindependence risk.
EVOLUTIONARY INTERACTIONS BETWEEN parents and offspring have recently been a focus in studies of parental care (Clutton-Brock 1991, Mock and Parker 1997) . The theoretical interest in the study of parental care has shifted from the static idea of the optimal parenting for parents (Lack 1947) to the more plastic idea that conßict between parents and offspring should be present in determination of the extent and type of parental care (Godfray 1995) . From this perspective, detailed studies on the response behavior of offspring to their parents have recently been carried out in birds and mammals, for example, begging, ßedging, and independence behaviors (Kilner and Johnstone 1997) . In invertebrates, subsocial behavior in many species also has been known for several decades (Choe and Crespi 1997) , although there have been only a few studies that have analyzed the offspring response to the parental care (Wyatt and Foster 1989, Agrawal et al. 2001) .
Subsocial behavior has been deÞned as the condition whereby a single parent or both parents within one family provide postovipositional care of any kind for their immediate offspring (Michener 1969) . Although many species of insects have been reported to have subsociality, these reports are mainly based on observations of parental guarding of offspring (Choe and Crespi 1997) . Although extensive work has been done on sociality in hymenopteran insects, few studies have described forms of subsociality in other insects that include food provisioning behavior; instead, most of the studies deal with provisioning in the form of parents assisting offspring in feeding behavior (Tallamy and Wood 1986 , Wood 1993 , Nakahira 1994 or preparing a food substrate at the nest site for use by hatching larvae, e.g., dung beetles (Halffter 1997 , Sato 1997 , burying beetles (Bartlett 1987, Eggert and Muller 1997) , and earwigs (Lamb 1976 ). Filippi-Tsukamoto et al. (1995a) , however, found that females of the shield bug Parastrachia japonensis Scott (Hemiptera: Parastrachiidae, formerly Cydnidae; Sweet and Schaefer 2002) , progressively provision their nests with drupes (a simple ßeshy fruit with a skin-like exocarp, a ßeshy mesoderm, and a stony endosperm) of their host tree under natural conditions. Although their report described the Þrst study of a phytophagous hemipteran provisioning a nest under natural Þeld conditions, similar behavior was observed under laboratory conditions in the related cydnid species, Sehirus cinctus Palisot de Beauvois (Sites and McPherson 1982) . It also was demonstrated that Adomerus triguttulus Motschulsky, another closely related cydnid species, displays progressive provisioning behavior (Nakahira 1994 ).
Among studies on insects with postovipositional parental care, few have dealt with the topic of the timing of nest abandonment by offspring (Wyatt and Foster 1989, Nomakuchi et al. 2001) . The time of nest abandonment by offspring in these insects seems to be rigidly determined by the life history or environmental schedule. Larvae of burying beetles (Eggert and Muller 1997) , dung beetles (Halffter 1997 , Sato 1997 and most solitary hymenopteran species (Evans 1966) remain in a nest where they are completely dependent on the food provided by the parent throughout the larval period. In these species, the life history schedule may allow for little variation in the timing of offspring independence. In P. japonensis, nymphs leave their nests well before adulthood, however, and there is large variation in the developmental stages of independent nymphs that gather around the natural foraging site (Nomakuchi et al. 2001) . This variation could be directly reßected by the variation in developmental stage at nest abandonment. We assume that an important factor generating this age variation is that the timing of the beginning of nest abandonment varies with the variation in the food availability provided by females. In this article, we Þrst present results from direct observations that indicated that the beginning of nest abandonment (number of days after hatch) varies among nests under captive conditions in the Þeld. We then verify our hypothesis that nest abandonment begins earlier in nests with lower availability of food provided by female parents, probably due to a nymphal response motivated by hunger. However, the developmental stage at which nymphs abandon the nest may inßuence the probability of their survival by increasing both their chances for accessing food, and their vulnerability to predation (Nomakuchi et al. 2001) . We Þnally test the hypothesis that the younger the abandoning nymphs are, the less likely it is that they will be able to access food, and the more distant the foraging site is from their nest, the more apparent this tendency will be. Through a Þeld experiment, we show that the rate at which abandoning nymphs successfully reach the foraging site depends on the nymphal developmental stage. We discuss direct nymphal decision-making and several costs involved in the initial departure of nymphs.
Materials and Methods
Animals. P. japonensis is a univoltine shield bug distributed on Kyushu Island in Japan (Filippi-Tsukamoto et al. 1995a, b) . The mating season is from late April to late May. Males die after multiple matings, and females continue to be active throughout reproduction: they establish a nest by using small natural hollows with a space 3Ð 4 times the size of their body under the leaf litter 5Ð12 m from the olacaceous host tree, Schoepfia jasminodora Sieb. et Zucc (Rosidae: Santales). Females rarely nest under the host tree (their foraging site) because of a poor litter layer (Filippi et al. 2002) . They oviposit a cohesive round mass containing 60 Ð100 eggs and carry out parental activities that include guarding eggs and nymphs and provisioning food (ripe drupes from the distant foraging site) to nymphs from mid-June to mid-July (Filippi et al. 2000) . This insect is a typical semelparous species: females oviposit only a single clutch during their lifetime. Nymphal independence occurs from late June to early July (Nomakuchi et al. 2001) . At the beginning of nest abandonment, nymphs begin to occur outside the nest, on the litter covering it. Within 2 to 3 d, all nymphs from a given nest have relocated to the foraging site (Nomakuchi et al. 2001 ). This nymphal behavior suggests that nymphs start to become independent or to abandon the nest when they begin to forage by themselves. Nymphs that have abandoned their nests gather in the foraging site from late June throughout July. They eat only mature drupes of the host tree until adulthood. New adults emerge in a state of reproductive diapause from midJuly through mid-August and form new, nonfeeding aggregations until the mating season of the next spring.
Experimental Investigations. Three Þeld experiments were carried out from mid-June through late July. We determined the beginning of nest abandonment in 1996, examined the relationship between the duration from hatching to the beginning of nest abandonment and female provisioning efforts in 1998, and examined the rate of nymphal accession to the foraging site after departure from the nest in 2000. Because this species does not reproduce well under artiÞcial conditions, the Þeld experiments were carried out under conditions that approximated natural conditions as closely as possible, at Hinokuma Mountain Prefectural Park in Kanzaki Town, Saga, Japan, the original Þeld site of these bugs. Experiment 1. To determine the beginning of nest abandonment, 10 Þeld-rearing cages were set on a slope in a forest dominated by oak and other mediumsized deciduous trees, as well as a variety of mediumsized broad-leafed perennials and ground cover in 1996. A detailed description of the Þeld site was reported in Filippi-Tsukamoto et al. (1995b) . Each Þeld cage consisted of a nest cage, a foraging cage (both cages, 50 cm 2 , 25 cm in height), and a pathway (50 cm in length, 10 cm in width, 10 cm in height) combining the two (Fig. 1) . The nest cage was set into the soil, and the hard soil bottom was layered with the rich soil and litter typically found on the forest ßoor; the pathway was made of a wooden board, and the bottom of the foraging cage was made of a white Styrofoam board, so the drupes could be easily seen by the observer. Both cages and the passage were completely covered with Þne mesh black netting to prevent the bugs from escaping. Females, each holding an egg mass, were collected from a site at least 50 m from the cage site and put into individual nest cages. All cages were checked once a day to identify the day of hatching, the number of nymphs, the sequential stages of nymphal development, and female behavior. After the nymphs hatched, nine S. jasminodora drupes were evenly dispersed on the bottom of the foraging cage. The number of drupes removed from the foraging cage by females each day was replaced at the time of the daily inspection. In this way, the number of drupes was maintained at nine until the end of the second stadium, at which time the number was increased to 18 drupes. We gave nymphs of all experiments mediumsized ripe drupes that were collected from branches of the host tree nearby, excluding the smaller and larger ones based on visual determination. We deÞned the Þrst day a nymph was discovered in the foraging cage as the beginning of nest abandonment for each nest. We did not use any representative statistics (e.g., mean, median, and mode) based on individual timing of nest abandonment among sibs in the same nest because some nymphs happened to remain continuously in the nest cage under the artiÞcial conditions used here, probably an artifact of the cage structure or rich food availability. We assumed in this experiment that the beginning of nest abandonment probably closely reßected the actual variance in nest abandonment among nests, because nymphal independence seemed to be synchronized within nests under natural conditions.
We predicted that a speciÞc, and increasing, number of provisioned drupes would be required by the nymphs per day to sustain their development, and that once the amount provisioned failed to meet this requirement, nymphs would begin to abandon the nest. To test this prediction, we performed a sequential daily calculation of the total number of drupes provisioned per cumulative number of nymphs in the nest for each nest (index of average provisioning rate; IAPR), until the day the Þrst nymphs abandoned the nest. The index values for all nests were then subjected to a randomization test for evaluation. See Appendix for a detailed explanation of the calculation for IAPR and the exact randomization test.
Experiment 2. To verify whether the period between hatching and the beginning of nest abandonment is related to female provisioning efforts, we carried out an experiment in 1998 under two artiÞcial provisioning conditions, poor and rich, by using the Þeld cages described above. Females holding an egg mass were collected in the Þeld and put into the nest cage as described for experiment 1; mothers were removed at the second stadium in both cases. Nymphs were given drupes artiÞcially under both food conditions to avoid any other inßuence of female presence and because females also may eat drupes while they are provisioning (unpublished data). Because eggholding females are limited in the Þeld, and skittish, so that they often abandon their eggs if manipulated, the Þnal sample size for this experiment was unexpectedly small. Eight cages were initially set up under each condition; however, three cages in the poor provisioning group and two cages in the rich provisioning group failed due to ant infestation and invading carabid beetles. ArtiÞcial provisioning was regulated according to the number of nymphs in each nest so that the IAPR of the cages under the rich provisioning condition was always maintained at a level that was Ϸ4 times that under the poor provisioning condition (Fig.  4) . All cages were checked daily to record the number of nymphs and the day of the beginning of nest abandonment.
Experiment 3. To examine the rate at which nymphs reached the foraging site after independence in relation to the developmental stage, a Þeld experiment was performed using nymphs that had been hatched in the laboratory. Egg masses guarded by females were collected from the study area with the females in early June 2000 and allowed to hatch in the laboratory at 25ЊC. The nymphs were maintained in laboratory cages with drupes and used in the Þeld experiment after developing up to the second, third or fourth nymphal stage. In the Þeld, an artiÞcial foraging site was set in an area of the forest study site where neither host tree nor P. japonensis were present within a minimum radius of 10 m. An earlier study suggested that the drupes themselves are a stronger attractive force than the host tree (Hironaka et al. 2003 ). Therefore, because we could not mark the young nymphs and we needed to be sure that all individuals arriving at the "foraging area" were individuals that we had released, we carried out the experiment far from a host tree, where there was no chance of nonexperimental individuals being present. We placed 50 drupes in a 1-m 2 area in the artiÞcial foraging site and released 40 Ð55 second, third, and fourth instars at distances of 1 and 5 m from the foraging site. We checked the number of nymphs that reached the artiÞcial foraging site daily and removed them. We continued this procedure until no new nymphs occurred there for a few consecutive days. These experimental trials were repeated Þve times for the second stadium and 10 times for the third and the fourth stadia.
Additional Statistical Analysis. The signiÞcance level for all tests was set at P Ͻ 0.05, and unless speciÞed otherwise, all tests were two-tailed. Wilcoxon test and MannÐWhitney U test were used when comparing differences between two groups. Two-way analysis of variance (ANOVA) was used to analyze the rate of nymphal attainment of the foraging site after data were arcsine-transformed. These statistical analyses were performed using the SPSS package software.
Results

Experiment 1.
Nymphal hatching was synchronized within a clutch. The average numbers of Þrst instars immediately after hatching, nymphs at the Þrst sign of independence, and offspring at the time of emergence of the Þrst new adults were 68.6 (SD ϭ 27.7, n ϭ 10), 45.6 (SD ϭ 28.6, n ϭ 10), and 27.9 (SD ϭ 24.1, n ϭ 8), indicating that the number of nymphs decreased considerably even under the relatively unconstrained artiÞcial conditions used. Nymphs developed steadily when a sufÞcient number of drupes were provided. We determined the duration of each stage to be the number of continuous days for which Ͼ50% of all individuals from all nests were in that stage. As a result, the durations of the Þrst, second, third, fourth, and Þfth stadia were Ϸ2, 4, 4, 4, and 14 d, respectively. The duration of the Þfth stage was comparatively longer than that of the others. This period seems to include a different behavioral phase before emergence: nymphs typically aggregated in a corner of the cage with little activity during the late Þfth stage.
Nymphs fed exclusively on drupes in the nest for a few days after hatching. However, apparently when the provisioned drupes in the nest began to run out, the nymphs began to walk around outside of, but remained close to, their nest. Eventually, nymphs left the nest cage, relocated to the foraging cage, began to feed on drupes by themselves, and settled there. The average percentage of nymphs counted in the foraging cage was 12.8% (SE ϭ 9.4) on the Þrst day and 36.6% (SE ϭ 27.9) on the second day after independence began. In some cases, nymphs were observed aggregating in a corner of the nest cage, but not in the nest, probably after they had already fed in the foraging cage. They may have left and returned to the nest cage without being observed at the daily inspections. Departure from the nest cage occurred mainly during the fourth and Þfth nymphal stages (Fig. 2) . In a cage where the mother died during the late second-early third nymphal stage, nymphs began to leave the nest cage at the third stage. Conversely, in a different cage where the mother had died, the insects did not visit the foraging cage until the adult stage, probably because this nest had already been provisioned by the mother with a relatively large number of drupes, despite the fact that it contained the fewest nymphs. These results seem to support our hypothesis that the level of food richness for each nymph is a key factor in determining the timing of the beginning of nest abandonment.
Female provisioning always continued even after nymphs started to leave, and, in fact, continued as long as the female was still alive. However, in some cases provisioning was terminated before nymphal leaving because of the death of the female. The period of provisioning was not signiÞcantly shorter than that from hatching until the start of nest abandonment (Wilcoxon test: T ϭ 9, n ϭ 9, 0.05 Ͻ P Ͻ 0.1).
The IAPR was correlated to the period from hatching until the start of nest abandonment (Fig. 3 : r ϭ 0.89, n ϭ 9, P Ͻ 0.01). A correlation, however, may occur spuriously between nymphal nesting period and IAPR, because IAPR tended to increase according to date because of increasing provisioning frequency and decreasing number of nymphs. Thus, an exact randomization test was carried out to verify whether the nymphs in cages with lower IAPR values actually tended to begin to leave their nest earlier. It was found that nest abandonment began signiÞcantly earlier in the nest cages where fewer drupes had been provisioned (P ϭ 0.0421). Experiment 2. The periods from hatching to the beginning of nest abandonment were compared under two artiÞcial provisioning conditions: poor and rich provisioning (Fig. 4) . The mean period was 12.2 d (SD ϭ 2.7, n ϭ 6) in the poor provisioning condition and 18.0 d (SD ϭ 3.1, n ϭ 5) in the rich provisioning condition. The period from hatching to the beginning of nest abandonment under the poor provisioning condition was shorter than that under the rich provisioning condition (MannÐWhitney U test, P ϭ 0.026). Furthermore, the mean developmental stage of the remaining nymphs was 2.8 (SD ϭ 0.8, n ϭ 6) under the poor provisioning condition and 4.6 (SD ϭ 4.6, n ϭ 5) under the rich provisioning condition, indicating a signiÞcant difference between the two conditions (MannÐWhitney U test, P ϭ 0.008). These results demonstrate that the beginning of nest abandonment was delayed under the rich provisioning condition.
Experiment 3. The rate at which nymphs successfully reached the artiÞcial foraging sites increased with age for both distances ( Fig. 5 ; two-way ANOVA: F ϭ 25.93, df 1 ϭ 2, df 2 ϭ 44, P Ͻ 0.001). Furthermore, the rate was lower for the more distant foraging site for each developmental stage (two-way ANOVA: F ϭ 15.75, df 1 ϭ 1, df 2 ϭ 44, P Ͻ 0.001) compared with the closer foraging site. The combined effect of nymphal age and the distance from source was not signiÞcant (two-way ANOVA: F ϭ 1.80, df 1 ϭ 2, df 2 ϭ 44, P ϭ 0.177). These results indicate that the younger the nymphs are, the less likely they are to reach the foraging site, and that the longer the distance between the nest site and the foraging site, the more difÞcult it is for the nymphs to reach the foraging site.
Discussion
We focused on the timing of the beginning of nest abandonment in this study instead of the average timing of the abandonment of all sibs for the following reasons. If any representative statistics (e.g., mean, median, and mode) had been used as a measurement, we would have needed to account for the variation among nests in how long food provisioning continued even after the beginning of nest abandonment to evaluate the effect of female provisioning effort on nest abandonment. Females lived very long, and food provisioning continued extensively in some cages, probably because of the small constraints on food acquisition and survival rate of females afforded by the conditions in the current study. In such cages, food availability for the remaining nymphs should be considerably enhanced by the departure of some nymphs because of less competition for the remaining food and the continuous provisioning of food. Thus, the unnaturally high availability of food for the remaining nymphs may prolong their stay in the nest cage, probably confounding the differences in measures among treatments and reducing conÞdence in the comparison between experimental nests and the natural condition. Actually, under natural conditions, nymphs abandon nests in a comparatively short period (2Ð3 d), possibly due to an immediate decrease of food provisioning frequency because of female exhaustion or death in addition to the basically low efÞciency of typical food provisioning. However, in the current study, some nymphs continuously remained in the nest cage, even 10 days after the start of nest abandonment. This might partially be due to the cage structure: the small entrance of the pathway might have made it difÞcult for nymphs to leave the nest cage; and the short pathway to the foraging cage might have allowed nymphs to easily return to the sheltered nest cage. Because of these issues, nymphal independence experiments might be more robustly analyzed using the beginning of nest abandonment to determine the difference among nests because it indicates a critical point in nymphal motivation for independence responding to female provisioning in each experimental nest as well as in the wild nest. Unless the experimental conditions can be manipulated to accurately reßect natural female parental activity, it is unlikely that the average timing of all sibs would be a better measure than the beginning of nest abandonment.
The duration from hatching to the beginning of nest abandonment was correlated with the IAPR: nymphs in nests with lower IAPR values began to abandon the nest earlier. A lower IAPR clearly means less food for each nymph. Although direct factors contributing to nest abandonment may include hunger and/or interaction among nymphs, it is clear that the decision by nymphs to leave nests was based on the motherÕs provisioning efforts, because food availability for nestlings was determined by the amount of food supplied by the parent (Filippi-Tsukamoto et al. 1995a , Filippi et al. 2000 . Moreover, this nymphal decision may be based on an assessment of their increasing requirements and the motherÕs provisioning level, because the motherÕs provisioning usually continued even after nymphs started to leave. Food availability for nymphs became insufÞcient despite maximal foraging by the mother. This may be due not only to an increase in the food requirements of the nymphs but also to an intensiÞcation of competition for food among sibs (Mock and Parker 1997) .
An important condition promoting nymphal independence may be the increase in nymphal mobility in addition to a shortage of food; these are general factors regulating insect dispersal and migration (Price 1984) . In burying beetles, which have complete metamorphosis, larvae do not have the high mobility that adults have; thus, they remain in the nest or in the immediate surroundings underground. Accordingly, all food required up to the pupal stage must be provided by a parent (Wilson 1971) . Such larvae must die or use some physiological strategy instead of shifting the timing of independence in response to inadequate provisioning, e.g., decreasing body size. However, because nymphs of P. japonensis, which are hemimetabolous, have a degree of mobility that is similar, but not identical, to that of adults, they can potentially move to a foraging site to access drupes on their own. The mobility of the nymphs increases with advancement of the developmental stages. Such physical characteristics allow the nymphs to leave the nests when the parental provisioning rate falls below the level required by them. Furthermore, if a parent should meet with premature death, for example, because of an encounter with a predator, even limited potential of nymphs to forage by themselves would improve their survival.
Independence involves several direct costs for the nymphs. There is obviously the difÞculty of reaching the foraging site, which may entail traversing 4 Ð12 m of rough terrain under natural conditions (FilippiTsukamoto et al. 1995a ). The younger the nymphs are, the more difÞculties they should experience in attempting to reach the foraging site. Nymphs that cannot reach the foraging site starve because they have no food source other than mature drupes of the host tree. The difÞculty in locating good drupes with a developed endosperm, which may comprise only 5% of all drupes on the ground under a host tree, is another important challenge for nymphs (Filippi et al. 2002) . Moreover, competition with foraging females will further increase foraging cost for nymphs. The younger the nymphs are, the higher the probability of starvation is, because of the intense competition for ripe drupes in the foraging site. A Þnal cost factor for independent nymphs is that predation pressure is more intense on smaller nymphs: chilopods and the carabid beetles are the main predators of this species and readily kill nymphs roaming on open ground (Nomakuchi et al. 2001 ).
Clearly, nymphs should delay departure from the nest until the costs in lost feeding opportunities exceed the beneÞts of safety. It may be that nymphs use risk-sensitive decision-making with regard to the start of their independence from the nest, balancing the future risk of starvation inside the nest with possible predation and other risks outside the nest.
